ABSTRACT:
Recently, ultralong phosphorescence lifetime has been observed in 4,6-Diethoxy-2-carbazolyl-1,3,5-triazine and H-aggregation induced stabilization of the T 1 state was suggested as its source. The response theory calculations demonstrate that the Davydov stabilization of the T 1 state of the dimer is marginal with respect to the monomer and the corresponding transition moments are virtually the same. Moreover, the calculated radiative rate constant is far from the experimental value, indicating that the ultralong lifetime is not likely to be of electronic origin only. Our calculations reveal that the dual peak emission from the T 1 state is due to strong vibronic coupling between the T 1 and S 0 state along selected normal modes. Interestingly, the calculated vibronic radiative rate constant of the dimer (2.33 x 10 -3 s -1 ) is comparable with the experimental value (4.7 x 10 -3 s -1 ), supporting the notion that vibronic contributions to the transition moment is responsible for the ultralong lifetime observed in the bulk system.
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For centuries scientists have been trying to develop organic phosphorescent compounds, gradually increasing the efficiency of a wide array of optoelectronic applications, such as photovoltaics, photocatalytic reactions and molecular sensing. [1] [2] [3] Phosphorescence originates from the spin-forbidden radiative decay of excited triplet states to, in most cases, the singlet ground state, and is prone to non-radiative quenching and thus sensitive to high temperatures. To date, the progress made for organic phosphorescent compounds is far behind that of organic fluorescent materials. 4, 5 This has spurred an interest in finding a protocol for the rational design of efficient organic phosphorescent materials. Historically, Lewis and Kasha first recognized the function of the triplet excited state and the significance of intersystem crossing (ISC) in phosphorescent molecules; 6 which they later in 1947confirmed to be the key parameters for phosphorescence in organic compounds. 7 Following these early works, several studies on organic molecules containing heavy atoms such as Br, I and functional groups such as the carbonyl moiety have demonstrated the possibility for ISC facilitating the phosphorescence process.
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Recently, An et al. 11 synthesized simple organic molecules containing O, N, P that favored ISC.
Their report suggested that H-aggregate dimers 12 (plane to plane stacked structures) effectively stabilize the triplet excited states, generating phosphorescence lifetimes of up to 1.35 s -several orders of magnitude longer than those of organic fluorophores. [13] [14] However, they provided no explanation for why the studied organic phosphors show dual peak emissions and ultralong lifetimes for the T 1 state. Here we address these two fundamental issues associated with these organic phosphors in their H-aggregated form.
We consider 4,6-Diethoxy-2-carbazolyl-1,3,5-triazine (DECzT) 11 ( Fig. 1) as it has the longest observed phosphorescence lifetime in the study of An et al. 11 Extensive computational analysis based on time-dependent density functional(TDDFT) response theory (RT) [15] [16] [17] calculations has been carried out on the monomer and dimer of DECzT. To account for weak dispersion forces, the B97D 18 functional has been used in all calculations. The computation of the lifetime of both the monomer and the dimer has been done by evaluating the radiative rate constant (k r ) 19 and combined this with the experimentally observed non-radiative rate constant (k nr ). 11 Furthermore,
we have inspected a variety of transition moments 19, 20 , their vibronic contributions, 20 the nature of the orbitals involved in the phosphorescence process and calculated the components of the spin-orbit coupling (SOC) 21, 22 constant, in sum providing insight into the origin of the ultralong phosphorescent lifetime 23, 24 of this system.
The geometries of the monomer and dimer were optimized using the dispersion-corrected B97D functional in combination with the 6-311G(d,p) basis set ( Figure 1 ) using the Gaussian 09 program 25 . In case of the dimer, both the parallel and anti-parallel orientations of the donor and acceptor moieties were considered. The energy difference between the parallel and anti-parallel configurations was found to be small (~ 0.01eV). For consistency with the work of An et al.
11
, we use the anti-parallel configuration for all TDDFT calculations. The planarity of the structures is preserved both for the monomer and the dimer of DECzT. The optimized structure of the dimer of DECzT in its ground state has a stacking distance of 3.17 Å, (Figure 1 ). To probe the spectral properties of the optimized monomer and dimer, TDDFT calculations were conducted using B97D with the cc-pVDZ basis set. The calculated one-photon absorption (OPA) parameters obtained for the excitation from the electronic ground state (S 0 ) to the excited state for which the oscillator strength is the largest (S n ) for the monomer and dimer together with the experimental excitation wavelength reported by An et al. 11 are presented in Table S1 The molecular orbitals (MO) involved in the excitation process in the dimer ( Figure S1 and Table S1 , Supporting Information) clearly shows that the excitation has a mixed charge-transfer (CT) and π-electron density reorganization character, whereas it for the monomer ( Figure S1 , Supporting Information) only involves a reorganization of the π-electron density for this HOMO
It is well known that transitions to higher excited states S 0 → S 1+n may occur, as also is the case in our calculations. However, Kasha's rule 26 ensures a quick relaxation to S 1 , making it the most relevant state for which to study the excited-state properties. To support the use of Kasha's rule, we computed the energy differences between the S 1 and the relevant S n states. The energy differences are small enough (<1eV) to suggest that they facilitate a rapid internal conversion (IC) from the S n state to the final S 1 state. The emission (fluorescence) spectrum for the dimer is depicted in Figure 2b as the monomer does not emit in the visible range (~350 -700 nm). The computed fluorescence parameters of the dimer together with the major contributing molecular orbitals are presented in Table S2 of the Supporting Information. The dimer shows a peak near the UV region at 341.1 nm, whereas the experimental spectra display an emission band at 393 nm ( Figure 2b ).
In order to understand the details of the phosphorescence mechanism in both the monomer and dimer of DECzT, we need to identify the possible ISC channels. for ISC, although also in the case of the dimer, T 3 will undergo VR and finally reach T 1 from which phosphorescence will occur.
Scheme1.Probable transition channels for ISC in monomer (left) and dimer (right) of DECzT.
The experimental phosphorescence spectrum of DECzT 11 was recorded at room temperature, having two peaks at 529 nm and at 574 nm, respectively. The TDDFT response theory predicts that theT 1 emission of the monomer will occur at 506 nm whereas it is red-shifted to 515 nm for 
. The experimental gap between the two peaks is quite small (0.18 eV) and as a result, the two peaks may represent a vibrational progression of the T 1 emission.
In order to include vibronic effects in our calculations, we used the approach of Ruhoff et al. 31 With this approach, the vibrational progression of the T 1 emission of the monomer and dimer are simulated and for comparison, the experimentally observed spectrum of the bulk system and the simulated spectrum for the dimer is shown in Figure 4 . The vibrationally resolved phosphorescence spectrum of the monomer is presented as Figure S2 in the Supporting Information. We have presented the simulated phosphorescence spectrum using two different values for the full width at half maximum (FWHM), namely 100 and 600 cm -1 . The simulated spectrum with higher FWHM resembles quite well the experimental spectrum recorded at room temperature. It is evident from Figure 4 that the two peaks of the dimer appear at 515 and 560 nm. The separation between the two peaks is 0.19 eV, whereas the experimental gap is 0.18 eV. This excellent agreement between experiment and theory strongly suggests that these peaks are indeed vibrational components of the T 1 emission. The inset in Figure 4 represents the CIE-1931color space chromaticity diagram, and the simulated color of the dimer is the same as that of the bulk material, indicating that the dimer gives a good representation of the emission processes in the bulk material. It is also worth noting that the color of the monomer (yellow) is different from that of the bulk/dimer. To gain additional insight into the vibronic couplings, we have inspected the normal modes of vibration of the two states carefully. The lower wavelength peak represents the 0-0 transition whereas the second major peak comes from the vibronic coupling involving a specific normal mode coupling the two states. The calculations reveal that the frequency of this particular normal mode of the dimer is 1557 cm 
) ( For simplicity, we have only considered 0-1 bands. The contribution of |η α | 2 2πν α term in the vibronic radiative rate constant for each of the significant normal modes is presented in Table 1 . indicating that the displacement-induced vibronic transition moment has profound impact on the ultralong lifetime of the system studied here. In summary, our analysis suggests that the origin of the ultralong lifetime of the H-aggregated organic phosphor is a molecular phenomenon.
To conclude, our calculations have shown that the dual peak phosphorescence spectrum of 
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